Phagocytic leukocytes such as granulocytes and macrophages form an essential part of human host defense against infection by invading microorganisms. The present study demonstrates that normal fetal granulocytes undergo normal activation (i.e., the transition from the resting state to the respiratory burst) with a 75 & 23 sec lag time and generate superoxide at 6.7 + 2.3 m o l e 02-/ min/106 cells, a rate similar to that of adult granulocytes. Fetal granulocytes also resemble adult cells in the response of the superoxide generating system to temperature change and to the chemical inhibitors N-ethyl maleimide and 2deoxyglucose. They show the same pattern of differential effects of these perturbations on the lag time and on the rate of superoxide generation as that previously described for adult granulocytes. The process of activation, expressed as the lag time, shows no inhibition at a high temperature that diminishes by 64% the rate of superoxide production. The metabolic inhibitor 2deoxyglucose affects only the rate and not the lag time. Both cyanide (in the presence of 2-deoxyglucose) and the sulfhydryl reagent N-ethyl maleimide inhibit the rate equally when added before or after completion of the activation process.
Summary
Phagocytic leukocytes such as granulocytes and macrophages form an essential part of human host defense against infection by invading microorganisms. The present study demonstrates that normal fetal granulocytes undergo normal activation (i.e., the transition from the resting state to the respiratory burst) with a 75 & 23 sec lag time and generate superoxide at 6.7 + 2.3 m o l e 02-/ min/106 cells, a rate similar to that of adult granulocytes. Fetal granulocytes also resemble adult cells in the response of the superoxide generating system to temperature change and to the chemical inhibitors N-ethyl maleimide and 2deoxyglucose. They show the same pattern of differential effects of these perturbations on the lag time and on the rate of superoxide generation as that previously described for adult granulocytes. The process of activation, expressed as the lag time, shows no inhibition at a high temperature that diminishes by 64% the rate of superoxide production. The metabolic inhibitor 2deoxyglucose affects only the rate and not the lag time. Both cyanide (in the presence of 2-deoxyglucose) and the sulfhydryl reagent N-ethyl maleimide inhibit the rate equally when added before or after completion of the activation process.
These fmdings provide a rationale for the observed feasibility of the prenatal diagnosis of chronic granulomatous disease and indicate that even a 16-wk fetus possesses at least this one mechanism of host defense.
Phagocytic leukocytes such as granulocytes and macrophages form an essential part of human host defense against infection by invading microorganisms. These cells respond to particulate and soluble stimuli with a "respiratory burst" of increased oxygen consumption and the production of toxic-reduced oxygen species, including superoxide (023, hydrogen peroxide, and hydroxyl radical (3). The primary enzymatic system involved in this process is a membrane-bound NADPH oxidase (8, 10) . Upon stimulation of the phagocyte cell membrane, the oxidase converts from an inactive to an active form that transfers electrons from NADPH to molecular oxygen, reducing it to the free radical superoxide anion 02-. Failure to activate this NADPH oxidase system results in chronic granulomatous disease, a severe, often fatal, disorder characterized by recurrent bacterial and fungal infections (13, 23) .
Previous studies in this laboratory have shown that 0 2 -production is detectable in normal fetal phagocytes and absent in those of a fetus with chronic granulomatous disease, thus permitting the prenatal diagnosis of that disorder (18) . The present study examines in detail 0 2 -generation by normal fetal granulocytes. We present, with reference to adult peripheral blood granulocytes, quantitative measurements of the rate of fetal granulocyte 0 2 -generation and the kinetics of the activation process (measured by the lag time before the detection of 0 2 7 . We also investigate the effects on the rate and lag time of temperature, the sulfhydryl reagent N-ethyl maleimide (NEM), and metabolic inhibitors 2-deoxyglucose and cyanide. The responses are compared to those previously described in adult human (16) and guinea pig granulocytes (5, 6).
MATERIALS AND METHODS
Cytochrome c type VI, superoxide dismutase, NEM, 2-deoxyglucose, and nitroblue tetrazolium were purchased from Sigma Chemical Co., St. Louis, MO; phorbol myristate acetate (PMA) from Consolidated Midland Chemical Co., Brewster, N.Y.; prostaglandin FZO (tromethamine salt), from the Upjohn Co., Kalamazoo, MI; and Dextran T5OO from Pharmacia Fine Chemicals, Piscataway, N.J. These and all other reagents were obtained at the highest level of purity available and used without further purification. All surfaces in contact with cells were plastic or siliconized glass, except for spectrophotometer cuvettes. Results are expressed as the mean f S.D. of triplicate determinations within a single experiment, unless otherwise indicated. Figures and tables therefore contain data from representative single experiments, each of which was replicated 2-10 times. S.D. reflect variation between samples or assays within each group for each individual experiment, not day-to-day variation between replicated experiments.
Cellpreparation. Dr. David Kurnit generously provided peripheral blood from human fetuses at 16-19 wk gestation, as calculated from crown-rump lengths. Samples were drawn into acid-citratedextrose anticoagulant imrned&tely following pregnancy termination induced by intra-amniotic administration of ~rostaelandin " FP= (22) . All pregnancy terminations were elective; no fetus was known to be at risk for any congenital disorder. Procedures and consent were approved by the Brigham and Women's Hospital Research Advisory Committee. A leukocyte fraction enriched with granulocytes wasprepared as previously described (16) by sedimentation in 1% Dextran T5OO and hv~otonic lvsis of ervthrocvtes. J 1 0 2 -generation. Spectrophotometric measurement of 0 2 -dependent cytochrome c reduction was performed in a Perkin-Elmer Model 571 double-beam spectrophotometer (Perkin-Elmer Co., Norwalk, CT) with a temperature regulator set at 37OC, unless otherwise specified. The sample cuvette contained femcytochrome c (50 nmole), granulocytes, and PMA (1 pg) in 1.0 ml of phosphatebuffered saline, pH 7.4, with or without glucose (5 mM) or other additions as indicated. The reference cuvette contained, in addition, superoxide dismutase (20 pg). Cell concentrations ranged from 1 x lo5-2.5 x lo6. The assay shows a linear response to cell number (5, 16) so the results could be normalized to rate of 0 2 -production per lo6 phagocytic cells. The total count of phagocytic cells was calculated by multiplying the nucleated cell count by the proportion, on differential count of cytocentrifuge smears, of polymorphonuclear leukocytes, band forms, metamyelocytes and monocytes. Typical proportions were: polymorphonuclear neutrophils 10-40%, band forms 2-8%, lymphocytes 40-85%, monocytes 1-676, metamyelocytes 2-3%, less mature myeloid cells 10-2076 and erythroblasts 100-1000 per 100 leukocytes. Nitroblue tetrazolium slide tests performed as previously described (17) confirmed the proportion of metabolically active cells. Fetal neutrophils are 95% positive in this assay (18) . The rate of 0 2 -generation was calculated by dividing the linear rate of absorbance of 550 nm (AA550) by the extinction coefficient for the reduction of cytochrome c (AEM = 21,000) (14) . The lag time for activation was calculated from the intercept of the back-extrapolated linear s or ti on of the curve with the vreactivation baseline of zero abSorption change (5, 16) (see ~i i . 1). The cytochrome c concentration was not rate-limiting at the cell and stimulant concentrations used.
RESULTS
The pattern of response of the fetal 02-generating system was identical to that previously described in adult granulocytes (16) . As illustrated in Figure 1, both adult cells ( A ) and fetal cells (B) produce no 0 2 -for approximately 45 sec after PMA stimulation. They then show a gradual rise until achievement of a linear rate. We have found the most accurate measure of this activation process to be the lag time, calculated by back-extrapolation of the linear slope (representing the rate of 02-production) to baseline absorbance as shown in Figure 1 . Quantititave measurements of the rate and lag time (Table 1) show that fetal 02-production had a rate of 0 2 -production and a similar lag time to adult values. ~0 . 0 5 ~0.005 'Superoxide production was continuously monitored after the addition of phorbol myristate acetate to the assay mixture described in "Materials and Methods." Results for rate and lag time are expressed as the mean + S.D. for 12 fetal and 10 adult samples. Superoxide production was undetectable when monitored in the presence of N-ethyl maleimide (0.2 mM) added to phorbol myristate acetate ("before activation") or upon the achievement of a linear rate of superoxide production 120-180 sec later ("after activation"). Comparison of fetal and adult rates and lag times by two-tailed t test yields P values of 0.02 and 0.25, respectively.
The effect of temperature on the rate and lag .time for 02-production by fetal phagocytes is illustrated in Figure 2 . The rate of 0 2 -production was maximal at 37"C, with less 0 2 -produced at both lower and higher temperatures; however, the lag time progressively shortened (indicating more rapid activation) as the temperature rose, even to the 41 "C level that slowed the rate.
The sulfhydryl reagent NEM at 0.2 mM concentration completely blocked 0 2 -production by fetal phagocytes. As shown in Table 1 , this inhibition occurred both when NEM was present at the time of stimulation and when it was added after completion of activation (i.e., upon achievement of a linear rate of 0 2 -generation).
Incubation with 2-deoxyglucose, an inhibitor of glycolysis, caused a dose-dependent inhibition of 02-production. As shown in the lower panel of Figure 3 , both fetal (solid circles, solid line) and adult (open circles, solid line) granulocytes diminished their rates of 0 2 -production after incubation with 2-deoxyglucose and these rates diminished still further in the presence of 0.5 mM sodium cyanide (solid and open squares, dashed lines). The added inhibition was identical whether the cyanide was added before or after activation. In contrast, the lag times for activation (upper panel of Figure 3 ) underwent no significant change over the range of 2-deoxyglucose concentrations utilized (P > 0.1 by t test for all possible pairs).
Incubation of adult granulocytes with prostaglandin Fa 50 ~g / ml, a maximal fetal level (1 1), for up to 30 min had no significant effect on the rate or lag time for 02-production.
DISCUSSION
Infection presents a major threat to the survival of neonates, so many studies have investigated the properties of newborn host defense mechanisms. Neonatal granulocytes show diminished in vitro chemotactic responses (15) , bactericidal activity (24), chemiluminescence (21) , and oxidizing radical production (2) but normal 0 2 -generation (2). The defects are most pronounced in infected or otherwise stressed newborns (20) . Our previous study of fetal leukocytes (18) showed that normal 16-20 wk fetal granulocytes are capable of 0 2 -generation, nitroblue tetrazolium reduction, and that the defect of activation that causes chronic granulomatous disease affects the fetal as well as adult respiratory burst mechanism.
The present study demonstrates that normal fetal granulocytes undergo normal activation (i.e., the transition from the resting state to the respiratory burst) and generate 02-at a rate similar to that of adult granulocytes. Both the kinetic characteristics and the duration of the activation process, expressed as the lag time, are virtually identical for fetal and adult granulocytes. The rate of 02-generation by fetal granulocytes is slightly, but significantly, less than that of adult granulocytes. This difference probably derives from the inclusion in the fetal "granulocyte" count of metamyelocytes and monocytes that produce less 0 2 -than fully mature granulocytes (25; P. E. Newburger, and H. J. Cohen, unpublished data). In addition, fetal bone marrow, which leaks many immature cells into the peripheral blood, may release granulocytes that would constitute the storage pool of an adult marrow. Such cells have been shown to be inferior to peripheral blood granulocytes in nitroblue tetrazolium reduction (25) and ingestion capacity (1). The release of this storage pool in stressed neonates might also explain the well-known defects in granulocyte function (2, 15, 20, 21, 24) and diminished bone marrow resewed (4) of infected newborns.
Fetal granulocytes also resemble adult cells in the response of the 02--~eneratih~ system to temperature change a n i to the chemical inhibitors NEM and 2-deoxvelucose. Thev show the same pattern of differential effects of [hise perturbaiions on the lag time and on the rate of 0 2 -generation as that previously described for adult granulocytes (16) . The process of activation, expressed as the lag time, shows no inhibition at a high temperature that profoundly diminishes the rate of 02-production. The metabolic inhibitor 2-deoxyglucose affects only the rate and not the lag time. Both cyanide (in the presence of 2-deoxyglucose) and the sulfhydryl reagent NEM inhibit the rate equally when added before or after completion of the activation process, a fmding noted in adult human (16) but not in guinea pig (6) granulocytes. Thus in fetal, as in adult human granulocytes, activation (measured as the lag time) and activity (measured as the rate) of the 0 2 -generating system are separable processes. These studies utilized PMA, a soluble stimulator, to initiate the respiratory burst.
Although not as truly a "physiologic" stimulus as a microorganism, PMA induces a metabolic response qualitatively and quantitatively similar to that induced by opsonized particles such as zymosan (7, 9) . Its triggering mechanism, however, may bypass that of opsonized particles (12) . Therefore, our results with PMAstimulated fetal granulocytes indicate that these cells possess the NADPH oxidase system that generates 02-, but do not necessarily have the triggering mechanism necessary for its physiologic function in vivo.
Overall, fetal and adult 0 2 -generation appear identical in both activation and activity. Such identity differs from the important switches that take place in erythrocyte hemoglobin, enzymes, and antigens (19) . These findings provide a rationale for the observed feasibility of the prenatal diagnosis of chronic granulomatous disease and indicate that even a 16-wk fetus probably possesses at least this one mechanism of host defense.
